1 E. coli alkaline phosphatase residue numbering will be used throughout when referring to specific amino acids. subtilis have a His and a Trp at these positions, respectively. The mutations D153H, K328W, and D153H/K328W were induced in E. coli alkaline phosphatase to determine if these residues dictate the metal dependence of the enzyme. The wild-type and D153H enzymes showed very little activity in the presence of Co 2+ , but the K328W and especially the D153H/K328W enzymes effectively use Co 2+ for catalysis. Isothermal titration calorimetry experiments showed that in all cases except for the D153H/K328W enzyme, a possible conformation change occurs upon binding Co 2+ . These data together indicate that the active site of the D153H/K328W enzyme has been altered significantly enough to allow the enzyme to utilize Co 2+ for catalysis. These studies suggest that the active site residues His and Trp at the E. coli enzyme positions 153 and 328, respectively, at least partially dictate the metal specificity of alkaline phosphatase.
Introduction
Alkaline phosphatase (EC 3.1.3.1) is a non-specific phosphomonoesterase found in organisms from all kingdoms of life. The mechanism of the alkaline phosphatase reaction involves the attack of a serine alkoxide on the phosphorus of the substrate to transiently form a covalent enzyme-phosphate complex followed by the hydrolysis of the serine-phosphate (1) . Alternatively, the phosphate can be transferred to a phosphate acceptor such as Tris or ethanolamine. Under alkaline conditions, the slow step in the mechanism is the release of inorganic phosphate from the non-covalent enzyme-phosphate complex. Details of the enzymatic mechanism and the involvement of metal ions in catalysis have been determined largely through studies utilizing the E. coli enzyme. As a result of these investigations, the specific role of many active site residues has been elucidated (2-9), and through sequence alignment, their function may be extrapolated to alkaline phosphatases from other organisms.
Aligning the sequences from a selection of alkaline phosphatases shows that the enzymes are very well conserved, especially at the active site (Table I) . Upon comparing residues within 10 Å of the phosphate position in the active site of the E. coli enzyme to the Growth, expression and purification of wild-type and mutant alkaline phosphatasesWild-type and mutant enzymes were isolated and purified as previously described (2) with one additional purification step. Forty percent ammonium sulfate was added to enzyme solutions and the sample was then applied to a Phenyl Sepharose column (1 x 28 cm). The enzyme was eluted with a gradient from 40% to 0% ammonium sulfate in TMZP buffer over 5 column volumes. Enzyme purity was assessed at each step by SDS polyacrylamide gel electrophoresis. Protein concentration was determined by the Bio-Rad protein assay using wild-type alkaline phosphatase as the standard.
Determining alkaline phosphatase activity -Phosphatase activity was measured spectrophotometrically using PNPP as a substrate by monitoring the release of pnitrophenolate at 410 nm (14) . Standard assays were performed by incubating 1.5 mL buffered PNPP solutions at 25º C then starting the reaction with 25 µl enzyme solution. The sum of the hydrolysis and transphosphorylation rates were measured by using 1.0 M TrisHCl as the phosphate acceptor. A unit is defined as 1 µmol PNPP hydrolyzed per minute.
Preparation of metal-free apo-alkaline phosphatase -Alkaline phosphatase was rendered metal-free by using a procedure adapted from Dirnbach et al. (15) . A 5-10 mL enzyme solution of no more than 1.5 mg/mL protein was dialyzed to 50 mM Tris-HCl, pH with 20% nitric acid, followed by three rinses with deionized water. Metal-free enzyme solutions were confirmed by lack of enzymatic activity and by atomic absorption.
Metals were then added to apo-enzyme solutions of approximately 0.1 mg/mL by incubating with 10 mM metal salt solutions at 25º C for 12 hours. These mixtures were then used directly for activity measurements.
Metal determination -The metal content of the wild-type and mutant enzymes was determined using a Perkin Elmer 3100 Atomic Absorption Spectrophotometer. Prior to measurements, enzyme preparations were dialyzed to a 4000-fold excess of metal-free 10 mM Tris-HCl pH 8.0 for 12 hours. Enzyme solutions of approximately 4 mg/mL were aspirated into the flame at a rate of 1 mL/min and compared with solutions of metal salt standards at known concentrations.
Isothermal titration calorimetry -All thermodynamic data were collected on a VP-ITC titration microcalorimeter (MicroCal, Inc., Northampton, Massachusetts). Proteins were purified, concentrated and treated to remove metals. Protein solutions were then diluted to 0.019 -0.01 mM in metal-free buffer. Metal solutions were in the range of 0.75 to 6 mM, depending on the amount needed for enzyme saturation. All solutions were prepared in 0.1 M Tris-HCl pH 8.5, and degassed prior to use. The reaction cell of 1.34 mL was completely filled with protein solution, and the reference cell was filled with deionized water. Proteins were titrated with 17 to 130-fold excess of metal ligand. All titrations took place at 25°C, with 30 injections of 10 µl with a 20 second duration, followed by 4-5 minute intervals between injections. Titrations of both ZnCl 2 and CoCl 2 into buffer produced negligible enthalpy changes, and were disregarded. Data analysis was carried out with the ORIGIN software from MicroCal.
RESULTS

Steady state kinetics of the wild-type and mutant alkaline phosphatases -Wild-type
E. coli alkaline phosphatase is optimally active in the presence of Zn 2+ and Mg 2+ at pH 8.0.
Therefore, the wild-type and mutant enzymes were initially compared under these conditions (Table II) . For these experiments, the enzymes were not treated to remove metals, and no metals were added other than the Zn 2+ and Mg 2+ included in the purification buffer.
The enzymes were characterized in conditions where the sum of the hydrolysis and transphosphorylation rates are observed (1) . Under these conditions, the mutant enzymes catalyze the reaction at a much slower rate than the wild-type enzyme, the slowest being the D153H/K328W enzyme with a k cat of 8.0 s -1 . The PNPP K m for the wild-type and D153H enzymes are comparable, but the K m values for both the K328W and D153H/K328W enzymes are increased significantly.
Apo-enzyme activity and metal content -The apo-D153H, apo-K328W and apo-D153H/K328W enzymes had no detectable activity, and the apo-wild-type enzyme retained less than 0.05% of full activity. Based upon atomic absorption measurements, the enzyme preparations had a zinc content of <0.006 zinc atoms per active site.
Enzymatic activity in the presence of metals -The wild-type and mutant enzymes were treated to remove all metals, then incubated with a variety of metal salts and analyzed to determine the activity. The only metal ions that restored significant activity to the enzymes site. Activity measurements showed that after dialysis, the mutant enzymes retained 70% of the original activity.
Isothermal titration calorimetry -Isothermal titration calorimetry was performed on the apo-wild-type, the apo-K328W and the apo-D153H/K328W enzymes to investigate the nature of Zn 2+ and Co 2+ binding. Due to the mix of endothermic and exothermic reactions shown in many of the isotherms, the data were difficult to fit. Therefore, thermodynamic parameters were not calculated. However, observed interactions and approximate dissociation constants were used to analyze metal binding.
The apo-wild-type enzyme exhibits at least two Zn 2+ binding sites with differing affinities, the binding at each site results in an exothermic reaction (Fig. 2) . The model for two classes of binding sites was the best fit to the data. The higher affinity sites have a K d of 10-20 nM, and the weaker affinity site has a K d of 600-750 nM. When Co 2+ is added to the apo-wild-type enzyme, the reaction is mainly exothermic. However, in the mid-range of the titration energy changes consisting of two phases, a exothermic process with a fast relaxation rate followed by a endothermic process with a slower relaxation rate are observed (Fig. 2) .
For the apo-K328W enzyme, Zn 2+ binding is exothermic for the tight binding site, and endothermic for the weaker binding site (Fig. 3) . Dissociation constants of 100-200 nM, The Zn 2+ titration of the apo-D153H/K328W enzyme also exhibits two phases, one purely exothermic and the second, similar in magnitude to the first, mainly endothermic (Fig.   4) . In mid-titration, the energy changes were first endothermic with a fast relaxation rate then exothermic, with a slower relaxation rate. The model for two classes of binding sites was fit to these data, and resulted in dissociation constants of 100-150 nM and 200-260 nM respectively. For the apo-D153H/K328W enzyme, the binding of Co 2+ is significantly different as compared to the binding of Zn 2+ in that Co 2+ binds to the apo-D153H/K328W enzyme with almost no endothermic character (Fig. 4) . The model for two classes of binding sites was also the best fit to these data, with dissociation constants of 3.8-4.5 µM, and 8.0-8.3 µM, respectively.
DISCUSSION
A comparison of several alkaline phosphatase amino acid sequences reveals a trend linking the nature of certain active site residues, and the metal required for catalysis (Table I ).
In the E. coli enzyme, residues 153 and 328 are Asp and Lys respectively. This enzyme requires two Zn 2+ ions and one Mg 2+ ion per active site for activity ( Fig. 1) (16) . Removing these metals and replacing them with either Co 2+ alone or Co 2+ in combination with Mg 2+ results in greatly diminished activity. Alternatively, enzymes with a His and a Trp at E. coli positions 153 and 328 respectively have higher activity with Co 2+ , as compared to Zn 2+ (11, 12) . Specifically, the T. maritima enzyme, which contains the His, Trp combination, has been reported to be most active in the presence of Co 2+ , or Co 2+ and Mg 2+ combinations, and is even inhibited by high concentrations of Zn 2+ (11).
The roles of the Asp-153 and Lys-328 residues in wild-type and mutant versions of E. coli alkaline phosphatase have been elucidated through kinetic and crystallographic studies.
and perhaps the geometry of the active site.
The D153H/K328W enzyme shows equal activity with Zn 2+ and Co 2+ under many of the conditions tested. However, under optimal conditions, the D153H/K328W enzyme is a better catalyst with Co 2+ than with Zn 2+ . Like the K328W enzyme, the K m value is very poor. For the reasons listed above, interactions with the phosphate could be compromised by the changes.
Metal binding -The interaction of the apo-wild-type enzyme with Zn 2+ shows at least two, possibly three, classes of Zn 2+ binding sites with different affinities (Fig. 2) . When Zn 2+ binds to the apo-wild-type enzyme, all interactions are exothermic in nature, suggesting highly favorable bond formations, with little reorganization at the active site (19) .
When this enzyme is titrated with Co 2+ , there is some endothermic character to the metalprotein interactions at the mid-point in the titration. Also, the wild-type enzyme has a much lower affinity for Co 2+ . These results indicate that Co 2+ is a poor ligand for the wild-type enzyme, and that the Co 2+ binding occurs in a different manner than Zn 2+ binding. 
